(19)B*B4*fFif (JP) 



(12) 



4# ^ ^ « (A) 



^m2(m-37su 

(P2002 -37614A3 

(43)£^ilB ¥1614^2^ 6 5(2002,2.6) 



(SDlntCV 

CO IB 31/02 

B 8 2 B 1/00 

D 0 1 F 9/127 



10 1 



F I 

C 0 1 B 31/02 

B 8 2 B 1/00 

D 0 1 F 9/127 



lOlF 4G046 
4L 0 3 7 



*m:^ M^(Z)«cii OL in^msmm i±49M> 





f902OOO-222832(P2OOO-222832} 


(71)tfIiaA 


599073917 












^JE£12^ 7 ^24B (2000. 7. 24) 










(71)aBA 


592105701 
















ff>iSi;ii]miifr^ief its 6si2^ 






























(74)'f«HA 


100102314 



















(57) [mm] miE^) 

Ssoo-goot:. ffi;^3 0-2 o OMPaicjsv^ 

T'roSS/f #® t LT^ T'irtS 20-500nmCC» 




1 

^m^m 1 \cmm<Dy ^ ^ ^ >- y^:i}—^>o 

t7irtS2 0-5 0 0 nmO*^ 1 0%-C'$>5/h$V^ffiJ¥ 
Sr* L.TV^5if*:S2 3 (C|S«(07^- 7 ;^ 

Vh^^t;*-/!?^, 20 
2, 3, 4*fctt5(r|S«ro7^7y 

lit*« 8 ] fiia*!ias;£:^#fiSfia 5 0 0-900 

■C, ffi;^ 30-200MPaT% s/<>-/K75#ffiTf-i3 

ft 5 i; u^/tk f^n^it*^ 1 . 

2, 3, 4*yh»45{C|a®07w'7>>'h^^*-JJ?V, 

#JT-^X.P)n5W*«l, 2. 3, 4*fc«5tc:|2®(30 
7;^ >' JJ^V, 30 

[ft*« 1 0 ] mmmm>^mt^mm^/:^(Dm'^ 
mx^^hf\.^mimi. 2, 3, 4*yh{i5{c:iH«© 

<Dm.^mx'^^hfi^n-^^i. -2, 3, 4*fcfi5ic 

lO 0 0 1 ] 
[0 0 0 2] 

\%^<r>^\ iJ-i^'y-t J CS. lijima, MR 

S Bull. 19, 43-49 (1994)] (4, mt.fi.WM'BiXmm. 

■CfeSo ^mt>-if-'^± J =f- z^-zT (MWNT) tt, 

'^MW [P. Chen, X. Wu, J. Lin, K. L. Tan, Science 28 
5. 91-93(1999)] . i-/T^f-:2.3L—^ [R.H.Baughma 
n, et al. , Science WL 1340-44 (1999)] . RXli-^ 50 
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nyY/-r/U^^m'ryz^V~V [P. M. A jayan, 0. St 
ephan, P. Redlich, C. Colliex, Nature 375, 564-567 

(1995)] ^^t^^i^^^tiiz-m^^^bi-h^-x-mm^ 

/y'y^yC^Xh^^'^bnZXhiO [S.Saito, Science 
278, 77-78 (1997)] » -t / ^^-^(^M'T-il^RXmm 
i^^itff):'---^^ fiU^-^io-^ii (P. Poncharal, Z. L. 
Wang, D. Ugarte, W.A.d. Heer, Science 283. 1513-15 
16 (1999)] tt, i-y'^^-Zft:-7^'^umi—Wmi^ 
;^T-i>.(MEMS){c:i:oTM;^fo5'bcO(CLTV^5 [O. Ing 
anas, I. Lundstrum, Science 284, 1281-1282 (199 
9)] 0 

[0 0 0 3] Li)^Lf£i^b. MWNT <D±mtiEit-X\ iS 

WifJ: t^mm\zm L < ^^^V ir^ S^^^TV^ 5 [D. T. Co 
Ibert, et al. , Science 266, 1218-1222 (1994)] , M 

[0 0 0 4] m£.<ot^h. :^t)-^>T~-i^wcmmi^Mi 

•yH, M'MTX'COmit [P. M. Ajayan, et al. , Nature 
362,522-525 (1993)] S)Sl/^{4S^^t:^)fe CS. C. Tsan 
g, Y.K. Chen, P.J.F. Harris. M.L.H. Green, Nature 

372. 159- (1994)] }Ci oT|i6{t;i-6i£J>g^5fe5, 

V^iag (ecCC) ie:joV>Tfi!c*Ly5: [W.K.Hsu. eta 
1.. Nature SZL 687 (1995)] . 
[0005] ifelgWTkfSi^^tt. flbO*-«fet Jt'<T#< 

iBiL, ^<DikWTX'\m'&xfi\^n<D^^^-^mt-f 

V''jE^tt?rt>fcP>1- [M. Siskin, R.Katritzky, Science 
m 231-237 (1991)] „ JjclSeg^tC ioTISa^ixfc 

(Y, G. Gogotsi, M. Yoshimura, Nature 367. 62 

8-630 (1994)] . ^rwm, ^^^'i:yY(r)im^^1)m 

^$H7t CX.-Z. Zhao, R. Roy, K. A. Cherian, A. Bad 
zian. Nature 385. 513-515 (1997)] „ TRf!;*— Jd^VW 

(10-100 MPa)T-C^^Rlt|jfcr t [Y. G. Gogots 
i,M. Yoshimura. Nature 3SI> 628-630 (1994)] Sr^ift 
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:^:yV(Di^Wi^lP^ CY.G. Gogotsi, K.G. Nickel, C 
arbon36, 937-942 (1998)] fi. S^KiO i < MofcE 
[Y,G. Gogotsi, r:h/;Sat:;t7-7j^VftSj . G.-M. C 
how, Ed, r^y^igMXt«StCi|-t5NAT0 ARWJ . S 
antorini, ^^Ji^^ (Kluwer, Dordrecht, 1999) ^tr] 

NTJ: ?) tJ¥;6^ofc [Y.G. Gogotsi, K.G. Nickel, Carbo 10 
n 36. 937-942 (1998)3 » 

[0 0 0 6] yy — ly> [Kroto, H. W. , Heath, J. 
R., O'Brien, S. C. , Curl, R. F. feSmalley, R. E. 

rCeo : ^yi^ ^.l^ys^ — yy-'Ul^ (Buckminsterful 
lerene) J . Nature 318, 162-163 (1985) J Rrjy 
y-Uym^mW. Mx.tf:^y^^-^ Clijima, S.. 

^^yyr^ hti—:^-:y<Dy±y^^^umW] , Natu 

re 354, 56-58 (1991)] ti, ^< (Dlt^m^Wi^h^tcfy 

zt^-hm^mmtLx<Dmmt^^n^htir\^^ CRao, 

C. N. R. , Seshadri, R. , Govindaraj, A. & Sen, R. 
7^fX7)Sigj , Mater. Sci. & Eng. R-Reports 15, 209 

-262 (1995)] o ^hiz^nhcD^mn. ^mx(om^' 

'ryyyU::^\CiS\^Xh^'^\cmmV [Collins, P. 
G. , Zettl, A. , Bando, H. , Thess, A. & Smalley, R. 

E. ^'r/^^-y''f^<4 y^j . science 278. 100-103 

(1997)] , i&<Dmm-ry^=^-zfyi-y'p^^m(DT' 

yyu^h CAjayan, P. M. , Stephan, 0., Redlich, 30 

p.&couiex, c. f^mm^mi'/m^^Rifi'/mm 

^(Dm^-^mf-yyi^- h t bTo;(7-3K:/'f y 

, Nature 375, 564-567 (1995)] , Ti^^^Mi^ CCh 
en, p., Wu, X., Lin, J. & Tan, K. L. ^MEBtlRXl 

|c:<J:5H2(DKiSSiJ , Science 285, 91-93(1999)] , 
i-yr^i^^^—^ [Baughman, R. H. et al. f*— 
y-f/^^^—rfr^^^^—^l . Science m 1340- 

44 (1999)] f^}£b\^X(D^m^n7Lhf\^^. yy-V 

y(D]L^m'hm\^\t. ^^^/w^-^fe^. mk^m. 40 

^B^i^. 3t^6^y 5 ^^^^^cCif^JS^^nS [Rao, 
C. K R. , Seshadri, R. , Govindaraj, A. & Sen, R. 

^yy-yy. -r/^z^-y. St/M®;^- 

xJ^VOSigj , Mater. Sci. & Eng. R-Reports 15, 20 
9-262 (1995), Dresselhaus, M. S. & Dresselhaus, G, 

rtt^TOt LX(Dyy-yyRX]^yy-yymmm 

i^j , Ann. Rev. Mater. Sci. 25, 487-523 (199 

5)] o tfz^^tiX\^^fj:\^^Sf^i±RX^m^^n^mitfj:y 

y-yy^-Mt^m(D±f&(D'^mmK yy-yy-< 

-P^OWSSSri 9— ^jB;fjfc5t><^<!r LTV>5 [Tenne, 50 
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R. ^&A^mmRxfmmm^i:^t^yy-yymmm: 

RUi-y^^—y"} . Adv. Mater. 1. 965-995 (199 
5)] o «&oT. ^<(Dm^^rzhf)^^J^mc^^i-^yy 

-yy ti- y ^tiibmct^mmw 
^^(7)tc^<D^m.i&=^y^ h(D^^mm^m^]^x%±(D 
\im<^^^tx^tf-j:\^\ yy-yyi^. mx.\^m^& 

[Kratschmer, W. , Lamb, L. D. , Fostiropoulos, K. & 
Huffman. D. R. ^mf^C^ ' i^lgOfrJi^filj Nature 3 
4L 354-358 (1990)] . SfcttlR^*^ 

iH: [Lieber, C. M. & Chen, C. C. ^yy--yyRrJy 
y-yy^—y^mW<Di^^] , Solid state Phys.M, 1 
09-148 (1994)] fj:t\ ^1»MxnU^iZ±Zfj:\mm 

^^m'^Tx^^^mxh^o f)-if^y±y^=^--:r(D^ 

mt^X\,. ti—if^yT—^1^mBi [Ebbesen, L W. & 
Ajayan, P. Mi ^i^—if^y^y'i^=^—'f(OXW§:^ 

. Nature 358, 220-221 (1992), Ebbesen, T. W. 
r;^7— ^ji— yj , Ann. Rev. Mater. Sci. 2 
4, 235-264 (1994).] , U—i^yd:>%m [Ebbesen, T. 
W. ^lO—if^^y-ryf^^—^^ . Ann. Rev. Mater. Sc 
i. 24, 235-264 (1994)] . ^r/^^{l:'g'^(Dfi4jKfc5 
V^tt>^^X-75)'^ [Rao, C. N. R., Seshadri, R. , Gov 
indaraj, A. & Sen, R. ^yy^-yy^ -t / zt^^-'f . 
:i'=^:i-y. RXJ^Wi'S:tl — ^y(OmM\ > Mater. Sci. & 
Eng. R-Reports 15, 209-262 (1995)] ICioT*^ 

T{i^^e< <!:t)7 0 ot:-8 0 o'C. yy-yyx<}^f'i< 

ir^biooo^) . ify^m.. Rxmmm^^ 

y-yy(D\'m\l;i^m-mmx% «^(c#l<;^^v^ 
[0 0 0 7] -^mz^^r^yy-yytK mx\t%m 

[Daly, K. , T. Buseck, P. R. , Williams, P. & Lewi 
s, C. F. \f^%Mt^h(Dyy--yy} , Science 259, 1 
599-1601 (1993)] . [Becker, L. et al. 

ri 8. Sm^Sifc^ Sudbury «^«i£{Cioft5:7 7-U 
y\ , Science 265, 642-645 (1994)] .RXJ^Wk [He 
ymann, D. , Chibante, L. P. F. , Brooks, R. R., Wolb 
ach, W. S. & Smalley, R. E, r^ZfiMlfiCOi^WSdfc 
\i^yy—yy\ . Science 265, 645-647 (1994)] 

^^flfz.yy-'yy(D^^ [Buseck, R R. , Tsipursk 
y, S. J.&Hettich, R. rafig^fl^S^d^bOy y- V 
y\ . Science 257, 215-217 (1992)] 14. ^(DW^^ 
tch\Ci:^Xmm^tl^J:^^-orz [Ebbesen, T. ff. et a 
1. ^^^^\Zi^it1>iyy—yy<DmWsj . Science 268, 
1634-1635 (1995)] o :Ltlh(Dmn^i^W^\t^ yy 

-yyi^^tmi!bxm^^=^^-/i^^—:^^^:^^X(D^B 
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ft. ■e<^J:5'^ii^fifpl*o-CV>Si>t>Ltt'fcV\ Fang 
et al. [Fang. P. H. et al. rtpS^Si^<^^§t-e|g 

^^ilfcyy — Ul^j , Innov. Mater. Sci. L 129-13 
4 (1996)] li. 'pmM(D^^(Dt>{z:7 7-uy%:mn.L 

1to -^ItMciSi. Osawa et al. COsawa, E. et al. 

a.-7'S0^/&^rc)«aiJj , Nature, Sfcbi^^ (199 
9)] ft. ;&-3j^V:hy5^^-7'd5;&^5.U«-^*S*^^ 

[0 0 0 8] ^iil!±£4'<^mfi 
^>«|{CioT-rT•^C-g•^$^^TV^5 CHsu, W. K. et a 
1. |■®^^f■:^/^3.-:;^J , Nature 37L 687 (199 
5)) , -^tz. [Gogotsi, Y. G. & Yoshi 

mura, M. ^yk^^!t-^V¥T\Zio{f ^:>J h'±X'<D:i3 
— jKV^COJ^^J , Nature 36L 628-630 (1994)] R 
XJ^V^'t'eyh' [Zhao, X. Z., Roy, R. , Cheriati, K. 20 
& A. Badzian, A. r^«- C - H2 O^tCfcit 5 
^VFro^KSiKiE;^*! > Nature ML 513-515 (199 

7) ] d5*fiSJcS:^#T-C-f^ia^tg'S:ci i ^:^^$tl-cv^ 

MofcE^IJ [Gogotsi, Y. G. & Nickel, K. G. fm^R 

V bt^;&-'}?>'©J^^J , Carbon 36, 937-942 (199 

8) ] ^^ft. 7Kfi'g-^oe«;451S$t^i;*-#^'«it*^ 

(Dy^y/yhftmm^^£Pim^(D^m^^^. 30 

/i;«'-jJ<>':^/^3.-7'J; t) tff/i^'afc [Gogotsi, Y. 
G. & Nickel, K. G. ri§taS.t/KJET{-*5f-t5xN°7*:/W 

2>,Tj^7'th't>h(Dy^yy<yh^:ti~7r^>^<7:)m^i . 

Carbon M. 937-942 (1998)] „ f^oWiOMiCiS if 
■n-^SQfirFf [Eckert, C. A. , Knutson, B. L. k Debene 

detti, P. G. r^t^RxmM^mmmmti.x(7:>m^^ 

Mt^] . Nature 383. 313-318 (1996), Yoshimura, M. 
& Byrappa, K. ^m^^&RXf^9iSM<D-ft)t(D7i<i^& 

^ (Andrew Williams and Noyes Inc. , 
v'-Y-v?— J+l. 2000) mn] RXJ^7^m:^—yf^y:^m^' 40 
il« (>2 0 0^) xmmmX'hitZi: [Gogotsi, 
Y. G. & Yoshimura, M. r7)<:I^SJ5#!#T{Cjo»t5:*— 
\-'±.X(D:il-:i)^>m<DBl^i . Nature ML 628-6 

30 (1994)] ^nm-ht. ii^m^^<D^m\±yy-\^ 
^ic*-a-?*)?.i, Sirens, *fc. mzti:ti-if^>-mm 

50 
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(0 0 0 91 

>i- / f'=---y'(D^j^iMM<D^^t^coiS.^lztoi1-?)M 

^vx\,^^fcib\zm^6f}{zm!^xmmfj:mmxh^o ^ 

:::<'P'Aff>yy— viyRXI-ry' zfi)^n.-of)^^ 
[0 0 1 0] 17^7^ v^#t;^7-#v 

[0 0 11] 

iaS5 0 0-9 0 0'C, ^f*L<tt7 0 0 
-8 0 0*C. ffi;'3 3 0-2 0 0MP a. JfS L< (±6 0 
- 1 0 0 M P a {C*3V ^T. = y/W^fftTT^ U 

fc, 0 0{i©;*7— Tif^'lroMJPSr^rl-S-f y 

f-=.-:/;i5:S^$tifCo •t-<X(Dimcr/i-^~-f<Dn 
Wi«^t\.X. ;^#7'£t^g2 0-5 0 0 nmW^tl 0 

-^m-t^x<m^fm^wryyT4 hmmi:^-t^o 

[0 0 12] 77-^i^S.U^:*7-jJ?>'^y^3.— :7'«^ 

(b:i}-7j^^^mwr^$'< (0!t^^mi^Lx\^^^tci^izn 
^mizmibxmm^mmx'hi). cn*-r\ ±ie;&-^" 

- 1/ VRU^f- y 5^ 3. - 7';a5 ^-o T V ^ 5 {cii #ViV \ 

2 0 o'Ci 8 0 o'Cop^roiag, ioomp 



[0 0 13] *^BJ(^±gft, /ic|^K^£:^#TT-?^^$ 

tifcy-{y^>'hVi:fy~7)^yizhbr, Ifrl57 ^- 7 ^ b 
^(t^-TK^'ii, #gmitT% MJ^cffi^^-rs, MlSfc;!; 

[0 0 14] SfrlH-^-y E^W^t lx± 

#7iP*3#2 0-5 00 nmO*t)l 0 V^ffi3: 10 

[0 0 15] msjs^w&^^^mtif-^)^^^yy/-^<Dm, 

td.y^m&ltm^iiUm SOO-QOOts Mi^L<ti7 
0 0-8 0 or, JEE;'J3 0-2 0 OMP a. ^f*L<« 
6 0-1 0 0MPaT, ~i/'^r/l'(D^^T\Zisn:i,:^]} 

20 

[0 0 16] 

(mi) (Dmw£m^^n^:Ltfi^x't6. c-h-o 

[00 1 7] jjfyjif^^v (PE).©lt3|s|-Sr, Jlffi'f';^-^^ 30 

7tci:*(C, ilgS -5inmS.I5*$ 1 0 - 5 0mm(D 
Au;*7 7°ir/urtfcAti-fCo TKoStt. ^y^if^u^-oa 
»©0^»fel OffiF*T*|gfli$-l!:yto 3%© Nii^«*&* 

hiXX\'^^t)>hX'h^o lozf-^M-i. 7.y-y^ V^'k'^ 
m<0^ S/KTuttle)Ml=4*^l§F^T% 2 0 OMP a*"? 

Sr700t;-800t:{c 2-170 R!Fra<7)P0l1*^ LfCo 
[0 0 181 40 
IWI^fr =Jr!iSSiJ-r 5 ;t * ©S % i 

r-r:t>U-f-* (®l^igS5 1 4. 5nm) R 
enishaw 2000 V•^>li1»:»•^tf^-^fflV^fco ^fflLfcT 
EM«. *&^5)-«¥li0. 1 4nm C^,5^»tgO. 1 7n 
m) Sr^f5 JEOL 3010 (SOOkV) Tfeofc„ :S 
7t, f^* 500,000 fg*-C'CD JSM-6320F S#Si:tt!S 
EM (FESEM) ^rLT^fflLfco ClOggSr^ttf, -f: 
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if— Sr-i-tP Noran Voyager EDX v':^xi^ t^ML, ^ 
[0019]^ : PESrfflV>fci*iiS;^;|lg^(CjSV> 

MWNT ^sSS?'J^»-eav^^§^^fc (0 2) » 
tc MWNT fi-«:Wi-> 7 o{@^-eo7 y :/i?Sr-^tfM 

(ffij? (2 5nm) , 3 0 ^5^6 2 0 0 n TO^, 
1 6 Onm^-C»rt^^WL-TV^fCo — J^, W<D—M<D 
MUkVlt, 5 0 0 nnK^DE^t r ©a^O*!) 1 0 %(DM 

(5 0mm*T-C) ^HfcaUfCo 9^^->^{4^feSS;5^fc 

^ss-etf^g-c (02) . \^bhifi)m^x^'o. 

*5iiJS:LTV^fCo i9r©M-C'l4, imKJ^- MWNT ^5 
^CDF^il/MffitSr^-f-S MWNT t#fett/c (112) „ 

[0 0 2 0] =-3">-/Ma^(c*N-?,^3.-yK). 

L, 7 y i^v>(Dmt±Wi:m c 5 fi©pr^7 y > v'tcs 
T'i^^i^LTv^fc (02 3) , -Sp©<^-;^-e(4. 

')iy'ji)^^^-7^(Dmm^n\^'m\.xii^. y±y^ 
[002 1] lasa, s i ^ ::^y^±\z^j^m±^^rifc^ 

1 /zm-Cfeofc^i^ ;>(-^@(7) MWN 
T S:^©ll^©itSJ-t^*lfc>b-f. 1 0 0 0^■e>i'3lx^ 
0^*ffi±(ca5r i::45-etfco r(7)^-<^ h/l-CD^l: 
i-lW^hXyX, ^^l^l620 cm"' {cW/^>'K;aSfc5-|fcv^ 
V Ktr»afSl580 cm" ^C•#^TV^•5o —^^^^Y^—^ 

T-fcSl582 cm"' G,*Jligict ll:-<TT;^(Ci/7 hLT 

i3<3, i^-f-'t-AicisiD^icio-cttises cm"' 

^4C5o *fcSUcDiii:;'^#mi4> #^1350 cm"' (Cjilj- 
^g|Vv-<^/Ki:. ISIJ 2700 cm"' (1350 cm" ) 'BiM 32 
48 cm" \C^\1^-^m^h. 1350 + 1600 = 1950 cm" 

©MWNT {wOV^TIlH:;^^^? h/ui^14Srl-V^fc Lfco ^ 

vmmiP(t^h''^h)n.^:^^^ V;vh^T5.U\^X\,^^ (0 
3) , ■:hyf^z..-y©G/<VK (1579 cm" ) (D^±^ 
m^ii^-f^±m (FWHM) (±1^28 cm" X\ r.i^iC*fL» 
^Sf^y^T'T h (1580 cm" ) T?fil8 cm" ^ !fyy 
h (1581 cm" ) Ti414 cm" T'feS, CWfeJ: 

it. i-/=f-=-.—f<n)>^'Kis^{fyy7^ VtWiiX^X^^ 



^titzy-^>y<>^ h'<DmM^mi. T-^ikM^^^^^ 
X#fei^fct>^ot-i6:L, 4 o o O'CX'^^^iitzi-/ 

[0 0 2 2] ^fetc. -f-y^zL-y^t^^^X'^mic^ 

5, 10 
[0 0 2 3] I* : 
{CfSDT^^b-rSVK o>j^C»)^fi;<;<7=Xi>.;JK Ebbes 
en OW-abttSiplca^^tvrv^S, 
-^cD?i^^/t (0 2) ifyyr^ \-m&(nmik 

(■tStiOT-fc^o Ld^L. N i S:-^*i-?>HCfc9^zL- 
MS, smSSt;: A AS;ds#*Ql- 5 ^ t J; o T^fi-f 
f>-f. *flft-^fil^#T-efiCH,St;!CO*SH<l5:*-jJ? 

[0 0 2 41 ♦i^v^Sg|a?r^i-5^ft. tK^:^/^^.- 

/f'*-:''<^^'fe^8V^t)roi:I^C«SH<7>ie@ (3 3n 
m) MWNT {4, 1 . 8 T P a (^i'V^^t 1 4 . 2 ( 8 
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[00 2 5] i-/ ^^-/\-x'(Dm^timitfm-^mm 

iBW;^ i o r:^ / -^^-CJiiEfr Sr!» 51 •5r«'i ^ i « 
lOnmOTT*. ^(0MJ¥(4F^mr®X.TV^5;^J?), Wf 
n m(^M P f^-^\tmi^<0^^ h^J f-a. i WtB 

«Sltf??i^-Cpfct-rtl4T-#^V>T-*>^5= im^^- 

y (112) (4, :*:t^o|ff;i^;5^/£ </£5fcit-C. 
-7 ^ n ■ti:#T•M^?tlTV^ 5^-«-r 7° i {4 -5 LTV ^ 

5o 00nni(Of-t^>'W4, l«fr<^ JI-aS^^Beirf 
5o *fe^JSilr«fc-a:li. mem 

[0 0 2 6] X^^*>SVM4JlHJI^TT-^^$Ja;fe M 
WNT tS^jit), ^K,1tim&J'i-^--:f\iB.t^TX'f3y 

c) „ im-rj^^~yt'^^-t^'m^'^t^^^h\^xm 

MfCTEMtff^ia*^ do" torr) T 

[0 0 2 7] w&Mn'^-r-rin^^f\:fz.y^- 

14 5 ;<7 - J}? y ^ rL BjtgtS^gr* L 

5^fc5v^(45c^^D*fl^77T'f' hS^^Jl:: 
[0 0 28] *^>i|-C-|4, *f^Si^;^#TT-ro^/f"3.- 

fix\^^^m^^?ii>zticfj:^7b^hi^n-r. 3:'omm 

^cfiELV^^Ic^|^ (tfSSro^aS^:JE;^^^jot45KDb^^fc 
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So 

[0029] mmm 2 
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1 Title of Invention 



Filamentous carbon and hydro thermal synthesis of i t 



2 Claims 

1. Filamentous carbon forned under hydrothermal conditions. 

2. Filamentous carbon according to claim l,vherein 
filamentous carbon comprises multivall open-end and closed carbon 
nanotubes. 

3. Filamentous carbon according to claim 2. therein 
nanotubes 

are prodused with the wall thiclcness from a few carbon layers to 
100 layers. 

4. Filamentous carbon according to claim 2 or 3, wherein 
nanotubes comprises an important feature being a small wall 
thickness, wbich is about IQ% of the large inner diameter of 20- 
500 nm. 

5. Filamentous carbon according to claim 2.3 or .4, wherein 
nanotubes show a well ordered graphitic structure in agreement 
with high resolution TEM by raman microspect roscopy analysis. 

6. Filamentous carbon according to claim 1,2.3.4 or 5, 
wherein hydrothermal conditions are under poly.e thylenc/water 
mixture s. 

7. Filamentous carbon according to claim 1,2.3.4 or 5, 
wherein hydrothermal conditions are under polyethylene/water 
mixtures in presence of nickel. 

8. Filamentous carbon according to claim 1,2.3,4 or 5, 
wherein hydrothermal conditions are under polyethylene/water 
mixtures in presence of nickel at 500-900X: under 30-200 MPa 
pressure. 



(21) 2002-37614 

9. Filamentous carbon according to claim 1.2. 3,4 or 5, 
wherein hydrothermal conditions are under ful lerene/water 
mixtures. 

10. Filamentous carbon according to claim 1, 2, or 5. 
wherein hydrothermal conditions are under organic solvents/water 
mixtures. 

IL Filamentous carbon according to claim 1.2,3,4 or 5. 
wherein hydrothermal conditions are under amorphous 
carbons/water mixtures. 

3 Detailed Description of Invention 

FIELD OF THE INVENTION 

The present invention relating to filamentous carbon formed 
under hydrothermal conditions. 

BACKGROUND OF THE INVENTION 

Carbon nanotubes [ S. lijima. MRS Bull. 19, 43-49 (1994).] 
are among the most exciting new materials being investigated and 
synthesized because of their potential for use in new 
technologies and devices. In particular, multiwall carbon 
nanotubes (MfNTs) are of interest because their size can be 
varied in a wide range, allowing for a variety of applications, 
including composites, hydrogen storage! P.Chen, 
X. Wu. J. Lin. K. L Tan, Science 285,91-93 (1999)1, nano-actua tors 
( B. H. Baughman. et ah . Science 281* 1340-44 (1999) .) . and templates 
for nanorods/nanowi res [ P. M. Ajayan, 0. Stephan. P. Kedlich, 
C.Colliex. Nature 37i, 564-567 (1995) J . They may be used in the 
next generation of electronic nanodeviccs I S. Sai to. Science 278. 77- 
78(1997)]. The unique combination of electronic and mechanical 
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propert ies [ P. Poncharal. Z. L. Vang. D.Ugarlc» W.A.d.Heer. Science 
283. 1513-15 16 (1999)] of nanotubes makes them attractive for 
micro-elect ro-mcchanical systems (MEMS) ( 0, Inganas. I. Lundstrun, 
Science 281. 1281-1282 (1999).). 

However, the production of MVNTs is cunbersoQe. and 
involves high-temperature and not environmentally friendly 
processes ( D. L Colbert, el al-. Science 2M, 12 18-122 2 (1994). ]. 
Furthermore, current yields are extremely low, and therefore 
these materials arc very expensive. To realize the potential 
applications of the carbon nanotubes, their synthesis technioues 
must be improved to increase yields and decrease the fabrication 
cost, as well as to allow a better control over the nanotube 
geometry (shape, length, diameter, and wall thickness). 

Presently, the carbon arc method is the most widely used. 
The prepared nanotubes rcQuire purification by controlled 
oxidation [ P. H. Ajayan, et al., Nature 362, 522-525 (1993) . ] or wet 
chemical me thods [S. C, Tsang, Y, K. Chen. P. J. F. Harris. M. L. H. Green, 
Nature 372. 159- (1994) ,] . However, high temperatures, electric 
fields, evaporation, and vacuum are not necessary conditions to 
prepare carbon nanotubes. Their electrochemical synthesis was 
successfully accomplished at relatively low temperatures (600*0 
in molten LiCl ( W.K.HSU, et al.. Nature 377, 687 (1995).). 

Hydrothermal synthesis of materials has many advantages 
over other methods: it is environmentally benign, inexpensive, 
allows for reduction of free energies for various eauilibria. and 
synthesis of phases thai are not stable under other conditions. 
Supercritical water offers a different chemistry under pressure, 
sufficient density to dissolve materials, a higher diffusivity 
than in liQuid state, a low viscosity facilitating the mass 
transport, and high compressibility allowing for easy changes in 
density and dissolving power! M. Siskin. R.Katritzky. Science 
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254,231-23711991).). As was discovered by the authors, amorphous 
carbon coatings can be formed in high-pressure, high-temperature 
water I Y. G. Gogotsi. M. Yoshimura. Nature 367. 628-630 (1994) .} . 
Hydrothermal synthesis of diamond ( X. -Z. Zhao, R. Roy. K. A. Cher i an. 
A. Badzian, Nature 385, 513-515 <1997) J was reported later. Taking 
into account the fact that the formation of hydrothermal carbon 
can occur under relatively low temperatures 0200*0 and moderate 
pressures (lO-lOO MPa) ( Y, G. Gogots M. Yoshinura, Nature MI. 628- 
630(1994).), this method seems to be very attractive. 
Hydrothermal synthesis of carbon filaments [ Y. GGogotsi, 
K. G. Nickel. Carbon 36. 937-942 (1998). ) , i ncl ud ing we II -a 1 igned 
arrays on a substrate I Y, G.Gogolsi. Nanos t rue t ure Carbon Coating. 
G. -M. Chow, Ed. , NATO ARW on Nanos I ructured Films and Coatings. 
Santorini, Greece (Kluwer, Dordrecht, 1999) . in press.}, 
demonstrated a potential of hydrothermal synthesis for growing 
complex carbon structures. However, these filaments contained 
periodical conical cavities and were thicker than typical HWNTs 
[ Y. G. Gogotsi. K.G. Nickel. Carbon 36. 937-942 (1998).]. 

Ful Icrcnes [ Kroto. H. W. . Heath. J. R. . O'Brien, S. C. , 
Curl. S. F. S Smalley, R. E. Co: Buckmins terf ul lerene. Nature 
311. 162-163 (1985) . 1 and ful lerene-related materials, such as 
carbon nanotubes 1 lijima, S. Helical microtubules of graphitic 
carbon. Nature 154. 56-58 (1991).], have attracted great interest 
of researchers all over the world due to their multiple 
applications. The carbon nanotubes are considered as reinforcing 
fibres because of high specific strength and high specific 
stiffness! Rao. C. N. R. , Scshadri. R. . Govindaraj, A. & Sen, R. 
Ful lerenes. nanotubes, onions, and related carbon 
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Structures. Mater. Sci. & Eng. R-Eeport s 15, Z09-262 (1995) . ) . 
Moreover, they may be very used in next-generation electronic 
nanodevices ( Col 1 ins. P. G. . Zettl, A., Bando. H. , Thess. L a 
Smalley, R. E. Nanotube nanodevice. Science 278, 100-103 (1997) .) , 
serve as templates for other inorganic nanorods/nanowi res 
[ Ajayan. P. H. . Stephan. 0.. Redlich. P. ftColliex. C. Carbon 
nanotubes as removable templates for metal oxide nanocooposites 
and nanoslructures. Nature 375. 564-567 11995).). hydrogen 
storage ( Chen. P.. Wu. X., Lin, J. S Tan» K. L. High uptake by 
alkali-doped carbon nanotubes under ambient pressure and moderate 
temperature: Science 285 . 91-93 (1999).), nano-ac tuators 
( Baughman, R. H. et al. Carbon nanotube actuators. Science 284 . 
1340-44 (1999).), etc. Applications of fullerenes include energy 
production, catalysis, as superconductors, photoconduc t ors* 
optical limilers, etc. [ Rao. C. N. R. , Seshadri, R. , Govindaraj, 
A. & Sen. R. Fullerenes , nanotubes, onions, and related carbon 
structures. Mater. Sci. ft Eng. E-Reports 15. 209-262 (1995)., 
Dresselhaus. H. S. ft Dresselhaus. G. Fullerenes and lullerene- 
derived solids as electronic materials. Ann. Rev. Mater. Sci. 15, 
487-523 (1995).] Possibility of fabrication of new fullerene- 
based compounds with still unknown properties and applications 
make the f ul 1 erenc-based research even more attractive ( Tenne, R. 
Doped and het eroatom-con taini ng f u 11 e rene- 1 ike structures and 
nanotubes. Adv. Mater. L- 965-995 (1 995).). It is therefore not 
surprising that many have searched for naturally occurring 
fullerenes and nanotubes as well as for 1 ow- tempcrat ure. low-cost 
synthesis techniques for these new carbon materials. Fullerenes 
can be synthesisod under extreme conditions, which rarely occur 
in nature, for example by electric arc method ( Kratschmcr, W. , 
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Lamb. L. D. . Fos t i ropou los, K. & Hurinan, D. R. Solid Cno: a new 
form of carbon. Nature 347, 354-358 {1990)-), carboo vaporisation 
by pulsed lasers or in focused sunlUlit» direct inductive heating 
of carbon, or sooting hydrocarbon flames I Licber, C. M. & Chea, C. 

C. Preparation of fullerenes and f ul 1 erene-based materials. Solid 
State Phys. 48. 109-148 (1994).]. Preparation of carbon nanotubes 
can be accomplished first of all by carbon arc method ( Ebbesen, 
T. W. & Ajayan, P. M. Large-scale synthesis of carbon nanotubes. 
Nature 358. 220-221 (1992)., Ebbesen, T. W. Carbon nanotubes. Ann. 
Rev. Mater, Sci. U, 235-264 (1994).). carbon vapour depos i t ion 

( EbbGsen, T. W. Carbon nanotubes. Ann. Rct. Mater. Sci. 2±. 235- 
264 (1994).]. catalytic or plasna decomposition of organic 
compounds! Rao, C. N. S. , Seshadri. R. , Govindaraj, A. & Sen, R. 
Fullerenes, nanotubes. onions, and related carbon structures. 
Mater. Sci. & Eng. R-Reports 15, 209-262 (1995).]. All these 
techniques require high temperatures (at least 70010-800*0 for 
the nanotubes and 1000*C for the fullerenes), vacuum systems, gas 
flow, and complicated eauipment. Yields are relatively low and 
the products require purification. Because of these reasons, 
fabrication of the carbon nanotubes as well as the fullerenes is 
still expensive and not environmentally friendly. 

Naturally occurring fullerenes have been discovered in 
small quantities in rocks which were exposed to extreme 
conditions, such as lightening strokes! Daly, K. , T. Buseck. P. 
R. . Williams. P. & Lewis, C. F. Fullerenes from a fulgurite. 
Science 251. 1599-1601 (1993).], meteoric impacts ( Becker. L. et 
al. Fullerenes in the 1. 85-b i 1 1 ion-year~old Sudbury impact 
structure. Science 265. 642-645 (1994).). and wi Idf i res ( Heymann, 

D. , Ghibante. L. P. F. . Brooks. R. R. . Wolbach. HI. S. & Smalley. 
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R. E. Fullerenes in the cretaceous-tertiary boundary-layer. 
Science 265.. 645-647 {1994).]. Reported presence of fullerenes in 
shungi le ( Buseck. P. R. , Tsipursky. S. J. ^Hettich, R. 
Fullerenes from the geological environment. Science 257 . 215-217 
(1992).). a carbon-rich rock in which there is no evidence for 
extreme conditions, has not been confirmed by other researchers 
[ Ebbesen. T. W. et al. Origins of fullerenes in rocks. Science 
268, 1634-1635 (1995).]. These geological studies seem to be in a 
good agreement with the results of the laboratory experiients 
indicating that the fullerene molecules can be formed only during 
highly energetic processes. HoweYer. such conclusion may be 
misleading because the behaviour of fullerenes under geological 
conditions has not been extensively studied, which indeed has 
been confirmed in some recent works. Fang et al. [ Fang, P. H. et 
al. Fullerenes discovered in coal nines in Yunan» China. Innov. 
Mater. Sci. L 129-134 (1996).) discovered fullerenes in Chinese 
coals. Recently, Osawa et al. [ Osanva. £. et al. Observation of 
fullerenes. carbon nanolubes and nanopar t icles in coal and 
carbonaceous rock. Nature, submitted (1999).) reported tliat 
carbon nanotubes are present in coals and carbonaceous rocks. 

The carbon nanotubes have been already syntheslsed by 
electrolysis in molten salts ( Hsu. W. K. et al. Condensed-phase 
nanotubes. Nature 377, 687 (1995).). It has been also shown that 
amorphous carbon! Gogotsi. Y. G. ft Yoshimura. M. Formation of 
carbon films on carbides under hydrothcrmal conditions. Nature 
367. 628-630 (1994).) and d i amond ( Zhao. X. Z. , Roy. R. , Cherian, 
K. A A. Badzian, A. Hydrothcrmal growth of diamond in metal-C-H20 
systems. Nature 385 . 513-515 (1997).] can be prepared under 
hydrothermal conditions. Hydrothermal synthesis of carbon 



(27) #11 2002-37614 

filaments, including vell-aligned arrays on a substrate ( Gogotsi. 
Y. G. & Nickel, K. G. Formation of filamentous carbon from 
paraformaldehyde under high temperatures and pressures. Carbon 3i* 
937-942 (199S).) demonstrated a potential of this tecbniaue for 
growing coniplex carbon structures. However, these filaments 
contained periodical conical cavities and were thicker than 
typical carbon nanotubes I Gogotsi, Y. G. S Nickel, G. 
Formation of filamentous carbon from paraformaldehyde under high 
temperatures and pressures. Carbon 36. 937-942 (1998).}. Taking 
into account advantages of the hydrothermal synthesis in 
materials processing! Eckert. C. A.. Knutson. B. L. & Debenedetti, 
P. G. Supercritical fluids as solvents for chemical and materials 
processing. Nature 383. 313-318 (1996)., Yoshioura. M, & Byrappa. 
K. Hydrothcrmal Technology for Crystal Growth and Materials 
Processing (Andrew ffilliams and Noyes Inc., New Jersey, 1999) in 
press.] and the fact that hydrcthermal carbon can be prepared at 
low temperatures (>200t:) ( Gogotsi. Y. G. & Yoshinura, M. 
Formation of carbon films on carbides under hydrothermal 
conditions. Nature 36L 628-630 (1994).] this method seems to be 
very attractive for synthesis of the fullerenes and/or carbon 
nanotubes. Moreover, a study of hydrothermal behaviour of the new 
carbon allotropes could give an information about their 
format i on/s t abi 1 i ty/decompos i t ion conditions which is of a great 
importance for geologists looking for natural deposits of these 
materials. 

SUMMARY OF THE INVENTION 
Existence of natural deposits of fullerenes and carbon 
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naBotubes, as veil as their low-temperature, bigh-yield syntliesis 
are of great scientific importance due to multiple applications 
of these carbon materials. So far they could be prepared under 
extreme conditions with the synthesis products requiring 
purification. Only small quantities of both fullerenes and 
nanotubes hare been found in nature. 

The purpose of this invention is to provide filamentous 
carbon . Another purpose of this invention is to provide 
synthesis of nanotubes from a hydrothermal C-O-H fluid in the 
presence of a metal catalyst. 

Multiwail open-end and closed carbon nanotubes have been 
obtained using a principally new method - hydrothermal synthesis 
- using polyethylene/water mixtures in presence of nickel at 500- 
gOOX:, preferably 700-800t: under 30-2D0 MPa pressure, preferably 
60-100 HPa pressure. Nanotubes with the wall thickness from a 
few carbon layers to 100 layers have been produced. An important 
feature of all hydrothermal nanotubes is a small wall thickness, 
which is about lOX of the large inner diameter of 20-500 nm. 
This makes them potential candidates for piping in future micro- 
and nano-fluidic devices. Nanotubes can be cut to size using ^ 
laser. Raman microspec troscopy analysis of single nanotubes 
shows a veil ordered graphitic structure, in agreement with high 
resolution TEM. High concentration of nanotubes observed in the 
presence of Ni particles demonstrates a potential of the 
hydrothermal synthesis for producing large quantities of low-cost 
raultiwall nanotubes for a variety of applications. The 
fabrication of nanotubes under hydrothermal conditions suggests 
that nanotubes might be present in coals or natural graphite 
deposits formed under hydrothermal conditions. 

Existence of natural deposits of fullerenes and carbon 
nanotubes. as well as their low-temperature« high-yield synthesis 
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are of great scienliTic importance due to multiple applications 
of these carbon materials. So far they could be prepared under 
extreme conditions vilh the synthesis products requiring 
purification. Only small quantities of both fulierenes and 
nanotubes haye been found in nature. Here ve report on behaviour 
of C«o under common in geological environment hydrothermal 
conditions between 2O0t; and SOCC, and under 100 MPa pressure in 
the absence and presence of nickel. Stability and decomposition 
ranges for Ceo in the presence of hydrothermal fluids have been 
established and formation of carbon nanotubes in the presence of 
nickel particles has been shown. Our results explain presence of 
natural carbon nanotubes in the areas of the Earth crust 
influenced by the hydrothermal systems and absence of fulierenes 
in rocks exposed to high-temperature aqueous fluids. 

The gist of this invention is filamentous carbon formed 
under hydrothermal conditions. Said filamentous carbon comprises 
multiwail open-end and closed carbon nanotubes. Said nanotubes 
are prodused with the wall thickness from a few carbon layers to 
100 layers. 

Said nanotubes comprises an important feature being a small 
wall thickness, which is about lOX of the large inner diameter of 
20-500 nm. Said nanotubes show a well ordered graphitic 
structure in agreement with high resolution TEM by raman 
microspectroscopy analysis. 

Said hydrothermal conditions are under polyethylene/water 
mixtures. Said hydrothermal conditions are under 
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polyethylene/vater mixtures in presence of nickel. Said 
hydrotheroal conditions are under polyethylene/water mixtures in 
presence of nickel at 500-900t:, preferably 700-800t: under 30- 
200 MPa pressure, preferably 60-100 MPa pressure. 

DETAILED DESCRIPTIOK OF THE 
PSEFERSRED EMBODIMENTS 

Exanple 1 
Exper inental : 

Various carbon-containing substances as pure chemicals or 
in mixture with water can be used to achieve the appropriate 
region of the C-O-H diagranj (Fig. 1). Polymers (e.g., 
polyethylene) can be used as a low-cost and convenient in 
handling carbon source for fast formation and eauilibration of 
the C-H-0 fluid. All experimental work was done at the University 
of 1 1 1 inol s at Chicago. 

Specimens of polyethylene (PE) were placed with deionized 
water into 3-5 mm in diameter and 10-50 mm. in length Au capsules. 
Amount of water varied from 0 to 10 times the weight of 
polyethylene. 3% of Ni metal poivder was added to the capsule 
since it is known that the iron-group metals can catalyze growth 
of nanotubes from the gas phase. The capsule vas heated in a 
Tuttle-tyoe tube vessel made of a Slellitc superalloy at pressure 
up lo 200 HPa of distilled water. In the treatments, the 
temperature was Icept at TOOt: to 800t: for 2-170 h. 

The composition and structure of nanotubes were examined 
using Raman spectroscopy, which is the simplest and most powerful 
technique for identifying carbon allotropes. and electron 
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microscopy. A Renisbaw 2000 Raman nicrospec trome ter with an Ar 
ion laser (514.5 nm excitation wavelength) was used. The TEM used 
was a JEOL 3010 <300 kV) with a lattice resolution of 0. 14 nm 
(point resolution 0.17 nm). The field emission SEM (PESEH) used 
was JSN-6320F with the magoif icalion up to 500. OOOx. High 
resolutions at low accelerating yoltages are possible with this 
instrument due to its objective lens design. The microscope is 
also fitted with a Noran Voyager EDX system with a light elenenl 
X-ray detector analyzer, which was used for elemental analysis of 
nanotubes. MffNTs were dispersed in acetone or toluene and 
deposited onto a Si wafer or polished aiuminuDi sample holder for 
Raman and FESEM studies, or onto a laccy carbon grid for TEM 
analysis. 

Resul ts ; 

MWNTs vere found in great abundance in hydrotherma 1 
experiments using PE (Fig. 2). They had typically up to 70 
fringes in. walls (wall thickness -^25 nm) , outer diameter from 30 
up to 200 nm and the inner diameter of up to 160 nm. However, 
tubes with the diameter of 500 nm and wall thickness of about 10^ 
of the diameter were obtained in a separate scries of experiments. 
Length to diameter ratios reached hundreds (op to 50 mm). The 
tubes were hollow froin tip to tail (Fig. 2). most closed and some 
open. Thus, we were not only able to produce first hydrothermal 
MWNTs. but we also obtained MWNTs with arguably the highest 
internal diameter/wall thickness ratio known (Fig. 2). 

There was no obvious or consistent connection of the tubes 
to nickel particles. Only a very few nanotubes contained Ki 
nanoparticles in the tip. Some tubes showed open ends with 
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tapered vail with the number of fringes decreasing all tlie way 
dovn to 5 visible fringes (Fig. 2B). In some cases, lattice 
fringes are inclined relative to the tube longitudinal axis 
implying he 1 ici ty. 

Fig. 3 shows a Saman spectrum of a single nanotube 
separated on a Si wafer. The nanometer diameter MWTs are 
visible on a perfect surface of the wafer at lOOOx, albeit with a 
diffraction limited apparent diameter of around 1 m m. regardless 
of their actual diameter. The distinctive fealures of this 
spectrum include a first order band at -^1580 cm-^ with a shoulder 
at ^1620 cm-*. It is typically downshifted compared to the 1582 
cm-* G point freauency of the mid-zone maximum of the uppermost 
optical branch of graphite and can be as low as 1563 cm-' due to 
heating by the laser beam. At the lowest laser power, nanotubes 
produce spectra analogous to that of microcrys tal 1 ine graphite. 
Also prominent is a weak band at about 1350 cm-* and second order 
features at ^^2700 cm-> (1350 cm-M and 3248 cm-' and a combination 
mode at 1350 + 1600 = 195D cm-'. We found the same spectral 
signature on all MWNTs. It closely matches spectra from fine 
textured graphite electrode material (Fig. 3). The full width at 
half maximum (FWHM) of the G-band of nanotubes (1579 cmO is 
about 28 cm-> compared to 18 cm-' for microcrys t al 1 ine graphite 
(1580 cffl-») and 14 cm*' for a graphite crystal (1581 cm-'). This 
falls in line with TEM observations that show highly graphitic 
but not perfect crystalline nature of nanotubes. Relative 
intensities of Raman bands measured from hydrothermal I y produced 
nanotubes are in agreement with those obtained using the arc 
method, showing that they have the degree of perfection similar 
to that of nanotubes produced at 4000t:. 
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Moreover, nanotobes can easily be cut by a laser bean at 
the maximum intensity due to their fast oxidation in air. This 
is a convenient techniaue for opening the closed tubes and 
cutting them to size for applications. 

Discussion; 

Several growth mechanisms, which vary depending on the 
synthesis technique of the carbon nanotubes, have been proposed 
as reviewed by Ebbesen. The analysis of nanotube shape (Fig. 2) 
lends support to an open-end growth mechanism in which atoms 
located at the open end of the graphitic structure provide active 
sites for the capture of carbon from the hvdrothermal fluid . 
However, presence of closed and Ni-containing tubes suggests that 
more than one nechanisn can work in the supercritical fluid. 
Results of the molecular dynamics study have shown that doubie- 
walled nanotubes remain in a netastahle energy minimum preventing 
their closure. Closure of nanotubes can occur due to pentagons 
giving rise to a curved geometry at the end tip. The nanotubes 
can grow by addition of carbon hexagons, pentagons, and heptagons 
on periphery of the open tube end. Since the hydrothermal 
environment did not contain aromatic hydrocarbons, and CHt and CO 
are in equilibrium with solid carbon under hydrothermal synthesis 
conditions , growth of nanotubes from these species is assumed. 
The thickness of the carbon nanotubes increases by island growth 
of graphite-based planes on the outer surface of the growing 
tubes. Separate models have been derived for catalytic growth of 
the carbon nanotubes (decomposition of acetylene with metal 
catalysis). We assume a helical growth mechanism which depending 
on parameters can result in spherical, conical or nearly 
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parallel-walled growth patterns. 

Due to the wide channel, hydroihernal nanotubes can be of 
interest for Dicro- and nano-fluidic devices and chemical plants 
on a chip. Nicro-Znanoflu idles is a aew branch of micro- 
engineering of great promise.. MfNTs with the diameter (33 nm) 
in the same range as the thinnest of our nanotubes hare 
demonstrated Young's modulus of 1.8 TPa and bending strength of 
14.2±8 GPa , and thus have a potential for microfluidic and MEMS 
applications. Since nano-size chambers and channels canaot be 
made by photolithography, which is limited by about l-mm features, 
use of nanopipes is required to enable nano-fluidic devices. Use 
of nanotubes would also create cylindrical channels optimal for 
laminar flow. Also, interconnections between microfluidic chips 
or between a chip and the analyzed subject (e.g.. a cell) can be 
enabled by availability of nanopipes. 

The fluid mechanics on nanoscale has not been well 
developed and experimental data are scarce. However, it is known 
that liauids can be sucked in nanotubes due to capillary forces . 
Typically, the inner diameter of carbon nanotubes is less than 10 
nm and the wall thickness exceeds the inner diameter, thus only a 
small part of the cross-section makes a useful for fluidic 
applications channel. The interaction of the molecules of the 
liquid with the walls of nanotubes within a few nm opening is 
expected to be so strong, that any through-flow will become 
impossible. Nanotubes with inner diameter of <4 nm could not be 
filled with asalt melt. The hydrothe rmal tubes (Fig. 2) look 
much more like pipes used in the macro-world, just many orders of 
magnitude smaller. Channels of about 1 OO nm should enable 
through-flow of the liouid. Filled with metals, they will form 
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nanowires and coaxial nanocables of the size compatible with the 
next generation of electronic devices and HEMS. 

Closed hydrothermal nanotubes, unlike MWNTs produced in 
vacuum or at ambient pressure, contained water-based fluid 
encapsulated under pressure (Fig. 2C) . Their ability to act as 
miniature pressure vessels and keep tbe pressurized fluid even 
under high vacuum in TEM (10-* torr) and when heated by electron 
beam confirms their very high strength and watl perfection that 
is sufficient for engineering applications. This also opens a 
unique opportunity for studying the behavior of fluids in 
nanosize channels, and for analysis of aqueous samples in TEM. 

Recently, fullcrenes were found in Chinese coal, which was 
formed in a metamorphic, hydrothermal environment. The results 
of this work imply the possibility of formation of carbon 
nanotubes in nature. Since the conditions for the formation of 
coal deposits involve low or medium temperature hydrothermal 
processes at moderate pressures, we can expect nanotubes to be 
present in coal or natural hydrothermal graphite deposits. 

Autoclave synthesis of nanotubes under hydrothermal 
conditions has been demonstrated in this work. Hydrothermal 
synthesis of carbon nanotubes may change the way these materials 
are produced today, and involve a more environmentally benign 
technology (closed, water-based systems at moderate temperatures 
and pressures. low energy consumption and high yield). A better 
understanding of the mechanisms of nanotubes formation under 
hydrothermal conditions should make it possible to optimize the 
condition for the growth of large quantities of MWNTs. Large 
inner diameter of nanotubes and low growth temperature are 
expected to prevent closure of the tube and allow for growing 
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long nanotubes. The coatrolled growlh of super-long carbon 
nanotubes may be possible in gradient autoclaves, which arc 
reauired to enable one-dimensional growth in a concentration or 
temperature gradient. This method can potentially produce pounds 
of nanotubes per day. if commercial large volume autoclaves are 
used. 

Example 2 

Behaviour of C60 under hydrot hermal conditions: stability, 
formation of carbon nanotubes and geological implications 

Here we report on behaviour of C«o under comiDDn in geological 
environment hydrothermal conditions between 200t:and 800X:. and 
under 100 MPa pressure in the absence and presence of nickel. 
Stability and decomposition ranges for Cou in the presence of 
hydrothermal fluids have been established and formation of carbon 
nanotubes in the presence of nickel particles has been shown. Our 
results explain presence of natural carbon nanotubes in the areas 
of the Earth crust influenced by the hydrothermal systems and 
absence of fullerenes in rocks exposed to high-tenperature 
aqueous fluids. 

Fullerenc (C««) powder (purity 99.95%, Science 
Laboratories Co.. Japan) was used in all experiments. Small 
samples of these powders {>0.020g) were inserted into golden 
capsules of 3 mm in diameter (volume of >0. 1-0. 2 cm**) which were 
subsequently filled with double-distilled water O0.3 g) . The 
capsules were then sealed, placed into autoclaves (Tuttle-Koy- 
type) and heated at 200r. 400t:, 500t:, 600t:. 650t:, 700r . 
750t:. and SQOt: for periods between 20 min and 48 h. The nickel 
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powder (purity 99. SX. Nilaco Co.. Japan) was added to some 
capsules in Ihe amount of 3 wt.X . The Ni-containing capsules 
where Amounts of water were between 30%-lOOX (by weigbt) of the 
solid phase were treated at 400t:. 500t:, 600*0. and 700*C for 
168 h. Materials were characterised by Raman spectroscopy and X- 
ray diffraction (XRD) at the Tokyo Institute of Technology and by 
field emission scanning electron microscopy (FESEM) and 
transmission electron microscopy (TEM) at the Research Resources 
Centre of the University of Illinois at Chicago. 

Selected Raman spectra of the hydrolhermal ly treated 
fullerene powders are shown In Fig. 4. The Raman spectrum denoted 
"as received" corresponds to the fullerene powder, which did 
not undergo any hydrotherioal treatment. This spectrum is a 
characteristic spectrum of C»o showing clearly all 10 Raman- 
active modest Drcsselhaus, H. S. , Dresselhaus, G. & Eklund, P. C. 
Raman scattering in fullerenes. J. Raman Spectrosc. 27.. 35 1-371 
(1996).]. Raman spectra of the Cbo acquired after the 
hydrothermal treatments in pure water at 200t:-400t: (0.3 h-48 h) 
were almost identical to as-received Cso, indicating that the Cho 
was stable under hydrothermal conditions in this temperature 
range for the given time (Fig. 4). In the Raman spectra acquired 
from the fullerenes hydrolhermal ly treated at 500t: (168 h) , or 
at higher temperatures but for shorter times e. g. at 600*0 (18 
h) or 700t: (0.3 h). new bands appeared in addition to weakening 
of Ceo-derived bands. Two strong and broad bands at about 1335 
cm-1 and 1608 cm-l can be ascribed to amorphous carbon 
[ COGOTSI, Y. G. & Yoshimura. M. Formation of carbon films on 
carbides under hydrothermal condi t ions. Nature 361,628-630 (1994)). 
These positions of bands of amorphous carbon (down-shifted D-band 
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and up-shifted G-band) are typical for hydrothermal ly formed 
carbon. A shoulder band at about 1200 cid-> has been observed in 
hydrothernial ly formed carboiip but its origin is not clear. After 
hydrothernal treaLnetii at BOCC (48 h). 700t: (168 h) or at SOOr 
(0.3 h) . the Raman spectra did not show any fullerenes. 
demonstrating that Can was completely decomposed (Fig. 4). XRD 
patterns of the hydrothermal ly treated fullerene powders were in 
a good agreement with the Raman spectra. New broad peaks 
indicating decoraposi tion of the fui lerenes were around 24. 5** and 
43,5** and could he ascribed to graphitic carbon (Fig. 5b). Both 
Raman spectra and XRD patterns of the Cso hydrothermal ly treated 
in water under different conditions show that with increasing 
temperature and time of the hydrothermal treatment, the Cro 
fullerenes gradually decompose. The highest temperature of their 
stability was 400t: after 48 h-long treatment under 100 MPa. 

The Ceu crystals were transformed during the hydrothermal 
treatment into amorphous carbon, some of which was graphitlzed 
(Fig. 5b), without any significant shape changes (Fig. 5a). but 
sometimes with visible etch textures. The FESEM analysis of the 
fullerene crystals after the hydrothermal treatment in the 
presence of nickel revealed formation of carbon nanotubes in the 
vicinity of the Ni particles (Fig. 6a). The multi-walled carbon 
nanotubes had a circular cross-section and their outer diameter 
was in the range of 30-120 nm. typically 30-40 nm and wall 
thickness of 5 nm [Fig. 6b). The wall thickness of the carbon 
filaments was in the range of 4-40 nm, which corresponds to the 
number of graphite layers of 10-100. The high-resolution TEM 
shows well ordered but not ideal graphite layers In the wall of 
the nanotube (Fig. 6b). Generally, there was no obvious or 
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consistent connection of the tubes to nickel particles. Only a 
very few nanotubes contained Ni nanopar t icies in the tip. In some 
cases, lattice fringes were inclined relative to the tube 
longitudinal axis causing helicity. 

An important inplication from our results is a possibility 
of hydrotherinal synthesis of the carbon nanotubes. The 
hydrothermal teclinique usually gives products with a much higher 
hotDOgeneity than solid state processing and with higher yield 
than gas or vacuum processing (faster growth rate). There is a 
wide variety of corabinat ions of solvent/solute systems ( Eckerl, C. 
A., Knutson, B. L. k BebeDedetti. P. G. Supercritical fluids as 
solvents for cheniical and materials processing. Nature 383, 313- 
318 (1996). » Yoshimura, M. & Byrappa, K. Hydrothermal Technology 
for Crystal Growth and Materials Processing (Andrew filliams and 
Noyes Inc., New Jersey, 1999) in press.]. Liquids may be 
beneficial for charging, transportation, mixing and/or separation 
of products [ Yoshioura, M. A Byrappa. K. Hydrothermal Technology 
for Crystal Growth and Materials Processing (Andrew Williams and 
Noyes Inc.. New Jersey, 1999) in press.]. They are completely 
adaptable for cycling/recycling and material processing in closed 
systems. Moreover, liquids give a possibility for acceleration of 
diffusion, adsorp I ion, reac t ion rate and crystallisation 
enucleation and growth), especially under hydro Ihermal conditions 
( Yoshimura. M. S Byrappa. L Hydrothermal Technology for Crystal 
Growth and Materials Processing (Andrew Williams and Noyes Inc., 
New Jersey, 1999) in press.]. Under the supercritical conditions, 
the fluid has some advantages of both a liquid and a gas. The 
diffusion in supercritical iluids is higher than that in liquids 
and the viscosity is lower, enhancing (he mass transport ( Eckert. 
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C. A.. Knutson. B. L. £ Debenedetti. P. G. Supercritical fluids 
as solvents for chenical and materials processing. Nature 383 . 
313-318 (1996).]. 

The present invention demonstrates that the nanotubes can 
be formed under hydrothernal conditions, suggesting also 
possibility of less sophisticated sources of carbon. Large-scale, 
lov-temperature thus low-cost synthesis of the carbon nanotubes 
would be a great step towards broader applications of these 
materials. Our nanotubes are slightly thicker and have a larger 
central cavity than typical carbon nanotubes prepared by the 
carbon arc method (typically 2-25 nm in diameter with the inner 
hollow diameter of 1-3 nm) ( Ebbesen. T. W. Carbon nanotubes. Ann. 
Rev. Mater. Sci. 24. 235-2 64 (1 994),). The qua! i ty of our 
nanotubes indicates that it is possible to synthesize unique 
kinds of carbon allotropes by the hydrolherma] technique, which 
is an additional advantage of this synthesis route. 

However, our results have also very important geological 
implications. Hydrotbermal solutions with a temperature between 
50" and well over iQOV' are common and widespread in the Earth's 
crust [ Pirajno. F. Hydrothermal Mineral Deposits (Springer-Ver lag. 
Ber I in Heidelberg. 1992).). The hydrothermal fluids which 
circulate below the Earth's surface participate in a variety of 
geological processes by leaching, transport, and precipitation of 
their mineral constituents or by hydrothermal alteration of 
existing minerals ( Pirajno. F. Hydrothermal Mineral Deposits 
(Springer-Verlag. Berl in Heidelberg^ 1992).). Conditions of 
hydrothermal activities depend upon kind of the hydrothermal 
system. For example, i.n the case of meteoric hydrothermal systems, 
the temperature usually does not exceed 400T:, but can be in the 
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range of 350t: to over 500*C in the case of sub-sea-f loor 
hydrotherinal systems! Pirajno. F. HydrotberiDal Mineral Deposits 
(Springer-Verlas. Berl in He idelberg. 1992).}. Particularly high 
temperatures of hydrothermal activities, approaching lOOOt:, are 
related to netamorphic and maginatic systems, vhich contain HuO as 
a main volatile f]uid[ Piraino, F. Hydrothermal Mineral Deposits 
(Springer-Verlag. Berlin Heidelberg. 1992).]. 

Our hydrothermal experiments with C«i) were conducted for a 
very short time on a geological scale (only hours as compared to 
years in the case of geological processes). Nevertheless, the 
fullerenes did not survive any hydrothermal treatment at higher 
temperatures than 400*C. It is surprising, because the fullerenes 
ejihibit auite high temperature slabi 1 i ty wi tbcut H2O. Molecular 
dynamic studies show that dm becomes unstable well over 4000t: 
(Zhang, B.L. Vang. C. Z., Chan, C. T. £ Ho. K. M. Thermal 
disintegration of carbon fullerenes. Phys. Rev. B48, 11381 (1993) 1 . 
Experiments using the Cbo crystals show decomposition of 
fullerenes into amorphous carbon at 700*0-950*0 in an inert 
atmosphere I Stetzer, M- R. , Heiney, P. A., Fischer, J. E. 4 
McGhie, A. E. Thermal stability of solid C«o. Phys- Rev. B 55, 
127-131 (1997),). However, our results indicate that pure water 
strongly accelerates decomposition of fullerenes. This process Is 
kinetically controlled so we could expect that at much longer 
times of the hydrothermal treatment the stability range would 
diOTC towards even lower temperatures. Our results might explain 
why the fullerenes are scarce in nature. It may be not only due 
to necessary exposure of carbon-containing rocks to extreme 
conditions, which does not happen very often, but also because of 
a low hydrothermal stability of Cau. Formation of carbon 
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nanotubcs under hydrotherinal conditions implies a possibi 1 i ty of 
presence of natural carbon nanotubes in carbon-ricli rocks, in the 
areas of the Earth crust, which had been influenced by the 
hydrotherioal fluids. While a fullerene mine still seems to be a 
science fiction, a discovery of large natural nanotube deposits 
nay be close to reality ( Osawa, £. et ah Observation of 
fullerenes, carbon nanotubcs and nanopar t i c les in coal and 
carbonaceous rock. Nature, submitted (1999)]. 

4 Brief Description of Drawings 

Fig. 1. Schematic presentation of the C-O-H diagram showing 
the pressure effect on carbon stability boundary under 
equilibrium conditions. Growth of nanotubes under elevated 
pressure can be achieved at much lower concentrations of carbon 
in the system, compared to ambient pressure synthesis. This may 
explain a different structure of nanotubes (thin walls, open and 
closed nanotubes) and lead to a better growth control due to less 
saturated carbon solutions. 

Fig. 2. T£M micrographs of typical carbon nanotubes produced 
by hydrolhermal treatment of and polyethylene at SOOt: for 2 h in 
presence of Ki powder. The end of the nanotube shown in (A) comes 
down to several graphite fringes (B) . Fluid inclusions were found 
in closed nanotubes (C) . The meniscus shows a good wettability of 
carbon with the water-based fluid (contact angle is <5 degree). 

Fig. 3. Raman spectra of carbon nanotubes dispersed on a Si 
wafer and electrode graphite (A). Comparison of spectra shows 
that the hydrotherma 1 ly produced nanotubes are tubular 
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microcrys tal s of graphite. 

Fig. 4. Selected Raman spectra of the Ce« powder after 
hydrothernal treatments in vater with or without Ni, under 100 
MPa. Temperature and duration of the treatments are marked. 
Arrows indicate weak C«<] bands. Amorphous carbon bands at 1608 
cra-1 and 1335 cm-1. as well as a shoulder band at 1191 cm-l are 
marked. All other bands originate from Ceo. 

Fig. 5. (a) A typical FESEM micrograph of amorphous carbon 
formed during hydrothermal treatment (3% Ni. 302 water, TOOt:, 
100 MPa, 7 days) in water showing that shape of the transformate 
is the same as of the original Cso crystals. Some cracks (purely 
thermal phenomenon) and etch textures were observed . (b) TEM 
photograph of the amorphous and graphitized carbon formed in our 
experiments revealing presence of graphite layers. Lattice 
fringes correspond to disordered graphite. 

Fig. 6. (a) FESEN photograph showing the carbon filaments 
In the vicinity of a Nl particle: (b) TEH micrographs of typical 
carbon nanotubes produced by hydrothermal treatment of C«ic> with 
SOX water at 700*C for 168 h. Insert shows graphite fringes in 
the nanotube wall. 
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Multivall open-end and closed carbon nanotubes have been 
obtained using a principally new method - hydrotheroal synthesis 
- using polyethylene/water mixtures, f ul lerene/water mixtures, 
organic solvents/water mixtures or amorphous carbons/vater 
mixtures in presence of niclcel at 500-900^: under 30-200 HPa 
pressure. Nanotubes vilh the wall thickness from a few carbon 
layers to 100 layers have been produced. An Important feature of 
all hydrothermal nanotubes is a small wall thickness, which Is 
about IQ% of the large inner diameter of 20-500 nm. This makes 
them potential candidates for piping in future micro- and nano- 
fluidic devices. Nanotubes can be cut to size using a laser. 
Raman microspectroscopy analysis of single nanotubes shows a well 
ordered graphitic structure, in agreement with high resolution 
TEM. High concentration of nanotubes observed in the presence of 
Ni particles demonstrates a potential of the hydrothermal 
synthesis for producing large quantities of low-cost multiwall 
nanotubes for a variety of applications. The fabrication of 
nanotubes under hydrothermal conditions suggests that nanotubes 
might be present in coals or natural graphite deposits formed 
under bydrotberma I conditions. 



